A vipp1 mutant of Synechocystis sp. PCC 6803 could not be completely segregated under either mixotrophic or heterotrophic conditions. A vipp1 gene with a copperregulated promoter (P petE -vipp1) was integrated into a neutral platform in the genome of the merodiploid mutant. The copper-induced expression of P petE -vipp1 allowed a complete segregation of the vipp1 mutant and observation of the phenotype of Synechocystis 6803 with different levels of vesicle-inducing protein in plastids 1 (Vipp1). When P petE -vipp1 was turned off by copper deprivation, Synechocystis lost Vipp1 and photosynthetic activity almost simultaneously, and at a later stage, thylakoid membranes and cell viability. The photosystem II (PSII)-mediated electron transfer was much more rapidly reduced than the PSI-mediated electron transfer. By testing a series of concentrations, we found that P petE -vipp1 cells grown in medium with 0.025 mM Cu 21 showed no reduction of thylakoid membranes, but greatly reduced photosynthetic activity and viability. These results suggested that in contrast to a previous report, the loss of photosynthetic activity may not have been due to the loss of thylakoid membranes, but may have been caused more directly by the loss of Vipp1 in Synechocystis 6803.
Introduction
Cyanobacteria, a large group of oxygenic photosynthetic prokaryotes, are generally considered to be the progenitor of chloroplasts in green plants and algae. Three highly differentiated membrane systems are found in cyanobacteria except Gloeobacter: the outer membrane, the cytoplasmic membrane and the internal thylakoid membranes. While the thylakoid membranes harbor fully functional electron transfer chains of photosynthesis and respiration, partially assembled protein complexes of photosystems and components of respiratory chain are found in the cytoplasmic membrane (Liberton & Pakrasi, 2008) . The unicellular cyanobacterium Synechocystis sp. PCC 6803 (hereafter called Synechocystis 6803) is the first photosynthetic organism whose genome was completely sequenced. It can be naturally transformed by the exogenous DNA and grows on glucose with a daily brief exposure to a light stimulation (Anderson & McIntosh, 1991) . Therefore, it offers an excellent experimental system for investigation of the biogenesis of the photosynthetic apparatus (Pakrasi, 1995; Zak et al., 2001) .
Vesicle-inducing protein in plastids 1 (Vipp1, initially named as IM30) was first identified in pea as a protein targeted to chloroplasts (Li et al., 1994) . In the higher plant, it is synthesized as a 37-kDa precursor and processed into the mature form of 30 kDa. Vipp1 was first noticed because of its dual localization in the inner envelope and thylakoid membranes of pea chloroplasts. In Arabidopsis, Vipp1 was found in both (Kroll et al., 2001) or only in the inner envelope of chloroplasts (Aseeva et al., 2004) . In Synechocystis 6803, Vipp1 was found exclusively in the plasma membrane or in both plasma and thylakoid membranes (Srivastava et al., 2005) . Vipp1 proteins in cyanobacteria, green algae, and vascular plants are organized in a high molecular mass complex as a closely related protein PspA in Escherichia coli (Aseeva et al., 2004) , and the oligomerization could be a prerequisite for its function (Aseeva et al., 2007) . Vipp1 has been proposed to be a key factor in the biogenesis of thylakoids, more specifically, vesicle traffic between the inner envelope and thylakoids in chloroplasts in Arabidopsis (Kroll et al., 2001) , rather than the assembly of thylakoid protein complexes (Aseeva et al., 2007) . vipp1 mutant plants were pale green in color, defective in autotrophic growth and severely disturbed in photosynthetic electron transport (Kroll et al., 2001) . A cyanobacterial vipp1 mutant was greenish in appearance, defective in autotrophic growth and photosynthetic oxygen evolution .
In the Arabidopsis and Synechocystis mutants, Vipp1 proteins were present at a low level rather than completely absent Aseeva et al., 2007) . The Synechocystis mutant was not fully segregated . In this research, we obtained a completely segregated vipp1 mutant by integrating a P petE (Briggs et al., 1990) -controlled vipp1 to a platform of the genome. The petE promoter is tightly regulated by copper in cyanobacteria. By setting different concentrations of cupric ion in the medium, we were able to regulate the amount of Vipp1 in the cyanobacterial cells. When the cupric ion was supplied at a certain low concentration, the P petE -vipp1 strain maintained thylakoid membranes, but lost its photosynthetic activity and viability.
Materials and methods

Strains, culture conditions and transformation
The glucose-tolerant strain of Synechocystis 6803 used in this study was a kind gift from L. McIntosh of Michigan State University. For autotrophic growth, Synechocystis 6803 was grown in BG11 medium in 200-mL transparent plastic bottles on a shaker (120 r.p.m.) at 30 1C with a photosynthetic photon flux density of 30 mE m À2 s À1 . For mixotrophic growth, 5 mM glucose was supplemented to the medium. Spectinomycin (10 mg mL À1 ) and kanamycin (20 mg mL À1 )
were supplemented as needed. For heterotrophic growth, Synechocystis 6803 was grown in the light in a medium with glucose and 5 mM 3-(3,4-dichlorophenyl)-1,1-dimethyl urea (DCMU), or grown in the dark with a daily 5-min exposure to the light of 3 mE m À2 s À1 in a glucose-containing medium.
To regulate the expression from P petE with copper, deionized water with a specific resistance of 18.2 MO cm (Millipore Academic) was used for medium preparation. Cells were grown in BG11 with glucose to OD 730 nm 1.0, harvested by centrifugation, washed three times with copper-free medium (CuO-BG11) and resuspended in BG111glucose of no or different concentrations of copper at OD 730 nm 0.1. Whole-cell absorbance spectra from 400 to 800 nm were recorded on a Shimadzu UV-2450 spectrophotometer.
To test the viability, cells grown under different concentrations of cupric ions were collected by centrifugation and plated on BG11 plates with 0.4 mM Cu 21 and 5 mM glucose and allowed to grow in the light. The cell viability was calculated based on CFU per OD 730 nm per milliliter.
Transformation of Synechocystis sp. PCC 6803 or mutants was performed as described (Williams, 1988) . The complete segregation of the mutants was confirmed with PCR using the primers listed in Table 1 .
DNA manipulations
Molecular manipulations were performed according to standard protocols. Molecular tool enzymes were used according to the instructions provided by the manufacturers. The sticky ends of DNA fragments were blunted using T4 DNA polymerase (Promega). Restriction enzymes and T4 DNA ligase were purchased from Takara (Dalian, China).
PCR was conducted using Taq : Pfu (1 : 1) DNA polymerases (Fermentas, Lithuania). dA was added to the ends of PCR products using Taq DNA polymerase. PCR products were purified by recovery from agarose gels using the glass milk kit (Fermentas) and cloned into the T-vector pMD18-T (Takara).
Construction of the plasmid for targeted insertion of vipp1: a DNA fragment containing vipp1 generated by PCR using primers sll0617-1 and sll0617-2 (Table 1) was cloned into pMD18-T, resulting in plasmid pHB270. The cloned vipp1 was then inserted at the NheI site by the kanamycinresistance cassette excised with XbaI from pRL446 (NCBI GenBank accession no. EU346690), resulting in pHB281.
Construction of the plasmid for the integration of P petE -vipp1 into a neutral platform in the genome
The encoding region of vipp1 was amplified by PCR using primers sll0617e-1 and sll0617e-2 (Table 1) , cloned into catatggtcgtccgggctaacctcaa Construction of plasmids pHB1560 and pHB1568, to express a Vipp1-6His.tag fusion protein in E. coli sll0617e-4 ctcgagcaccgcatcatcttgactgg gp267-9 acctctccacgctgaattag Verification of the integration in the neutral platform of Synechocystis 6803 gp267-10 ttccaggccacattgttgtc pMD18-T and confirmed by sequencing, resulting in pHB1495. A fragment containing O-P petE was excised from pHB1524 (Gao et al., 2007) with SalI and BamHI, blunted with T4 DNA polymerase. The plasmid pHB1495 was cut with SalI, blunted with T4 DNA polymerase and ligated with the blunted O-P petE fragment, resulting in pHB1534. The O-P petE -vipp1 fragment in pHB1534 was excised with EcoRI and PvuII and blunted with T4 DNA polymerase. The plasmid pKW1188 that carries the integration platform (Williams, 1988) was cut with EcoRI, blunted with T4 DNA polymerase and ligated with the blunted O-P petE -vipp1 fragment. The resulting plasmid was designated as pHB1599.
Construction of the plasmid for the integration of O-Km r into the neutral platform pKW1188 (Williams, 1988) was partially digested with EcoRI, blunted with T4 DNA polymerase and ligated with the O cassette excised with DraI from pRL57 (Black & Wolk, 1993) , resulting in pHB2010.
Construction of the plasmid for expression of Vipp1 in E . coli
A 729-bp truncated vipp1 minus the 5 0 -end 27 bases and the 3 0 -end 45 bases of the coding region was amplified by PCR using primers sll0617e-3 and sll0617e-4 (Table 1 ). The PCR product was cloned into pMD18-T and confirmed by sequencing, resulting in pHB1560. The truncated vipp1 was excised with NdeI and XhoI from pHB1560 and subcloned into the NdeI-XhoI sites of the expression vector pET21b (Invitrogen), resulting in pHB1568.
Western blotting analyses of membrane proteins
A Vipp1-6His.tag fusion protein was induced by 1 mM isopropyl-1-thio-b-D-galactopyranoside to express from the plasmid pHB1568 in E. coli BL21 (DE3). The 6His-tagged protein was purified from sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gel and used for preparation of rabbit antiserum against Vipp1. The antiserum was prepared by the Experimental Animal Center of Institute of Virology (Wuhan), Chinese Academy of Sciences. Other antisera (against Toc75, NrtA or CP47) used in this paper were provided by Q. Luo of this lab.
The total membranes were prepared as described (Norling et al., 1998) , with modifications. Cells from 400 mL cultures were suspended in 20 mM potassium phosphate (pH 7.8) to a final volume of 5 mL, and glass beads (0.15-0.21 mm in diameter, Sigma) were added to the sample tube until 0.5 mL of the cell suspension was seen above the beads. The sample was vortexed five times at the highest speed for 2 min at 1-min intervals on ice, and then centrifuged at 2000 g for 1 min. The cell suspension was collected on top of the sedimented beads, and centrifuged for 10 min at 5000 g. The supernatant was centrifuged for 30 min at 103 000 g. The pellet of the total membrane was rinsed and resuspended with 200 mL of 5 mM potassium phosphate (pH 7.8); the suspension was then centrifuged at 2000 g for 5 min. The pellet was discarded and the total membrane proteins in the supernatant were quantified by the Bradford method (Bradford, 1976) .
Western blotting detection was conducted according to standard methods. The total membrane proteins (10 mg for each lane) were subjected to 12% SDS-PAGE, electro- The arrows indicate the primers used to detect the segregation of mutants. Primers I, II, III and IV are gp267-9, gp267-10, sll0617-2 and sll0617-1 (Table 1) , respectively. (b) PCR detections of homologous integrations. Primers sll0617-1 and sll0617-2 were used for lanes 1-5, and primers gp267-9 and gp267-10 were used for lanes 6-9. Lane 1, pHB281 (see Materials and methods); lanes 2 and 6, the P petEvipp1 strain; lanes 3 and 7, the vipp1:Km r strain; lanes 4 and 8, blotted onto an nitrocellulose membrane (Millipore) and probed with appropriate antiserum as needed. Antigenic polypeptides were visualized using an alkaline phosphatasetagged secondary antibody and an NBT/BCIP chromogenic substrate (Promega).
Measurement of electron transport rates and respiration activity
The rates of photosynthetic electron transfer reactions were measured on a Clark-type oxygen electrode (Oxylab2, Hansatech, UK) with a saturating light (2000 mE m À2 s À1 ) at 30 1C as described (Shestakov et al., 1994; Wilde et al., 1995) . Whole chain electron transfer rates were measured in the presence of 10 mM sodium bicarbonate. Respiration was measured in the dark for at least 10 min. Photosystem II (PSII)-mediated electron transport rates were measured in the presence of 1 mM K 3 Fe(CN) 6 , and 0.5 mM 2,6-dichlorop-benzoquinone. PSI-mediated electron transport rates were measured with total membranes in the presence of 10 mM DCMU, 1 mM sodium ascorbate, l mM methyl viologen and l mM 2,6-dichlorophenol-indophenol. The samples were adjusted to a final chlorophyll concentration of 5 mg mL À1 . Pigmentation measurements were performed according to Myers et al. (1980) . Cell numbers were calculated based on an experimentally established statistical correlation between OD 730 nm and cells mL À1 . All values are means AE deviation of at least three independent experiments.
Electron microscopy
Electron microscopy was performed as a reported method (Spence et al., 2004) . Ultrathin sections were viewed with a JEM-1230 transmission electron microscope (JEOL Ltd, Japan). Images were captured with a 1 k Â 1 k CCD camera.
Over 300 cells were viewed for each sample; 80-90% of the viewed cells showed the structure as presented.
Results and discussion
Complete segregation of Synechocystis 6803 vipp1 <Km r in the presence of P petE --vipp1
Westphal et al. (2001) reported that a vipp1 mutant of nearly complete segregation was generated and that the vipp1 mutant possessed very few thylakoids and very low photosynthetic activity, but grew continuously on glucose with enhanced respiration. We attempted to inactivate the same gene with a kanamycin-resistance cassette, but found that the resultant vipp1<Km r transformants of Synechocystis 6803 could not be segregated (Fig. 1) . The transformant cells were cultivated under both mixotrophic and heterotrophic conditions. However, after selection with kanamycin for nearly 1 year by serial transfers in liquid medium and streaking on plates, there was no improvement in the segregation. The merodiploid mutant showed no difference from the wild type in autotrophic growth (data not shown).
Under our conditions, vipp1 appeared to be an essential gene in Synechocystis 6803. To test whether this was due to a technical problem in our experiments or the sequence around this gene, we constructed pHB1599, a plasmid containing O-P petE -vipp1, and introduced this structure into a neutral genomic platform (Kunert et al., 2000; Gao et al., 2007) in the vipp1<Km r merodiploid mutant. The O cassette is a spectinomycin resistance marker with stem loops at both ends that terminate background transcription (Prentki & Krisch, 1984) . In the presence of copper, vipp1 was expressed from P petE . After three rounds of cultivation in liquid medium with kanamycin and spectinomycin, vipp1<Km r was completely segregated (Fig. 1 ). This strain, WT (Sp r Km r )
P petE -vipp1 P petE -vipp1 with functional vipp1 expressed from P petE , will be referred to as strain P petE -vipp1 afterwards. As reported previously, the integration of an exogenous gene into the neutral genomic platform in Synechocystis 6803 was within an ORF named slr0168 (Kunert et al., 2000) . This platform was introduced 20 years ago (Williams, 1988) , and showed no effects on growth, viability and metabolism under our conditions (Fu & Xu, 2006; Gao et al., 2007; Yin et al., 2007; Yang et al., 2008) . Transformants with slr0168 interrupted by O-Km r or O-P petE -vipp1 were readily completely segregated (Fig. 1) . The slr0168<O-Km r strain designated as WT (Sp r Km r ) was used as the wild-type control when spectinomycin and/or kanamycin were (was) supplemented to the medium.
Copper-regulated expression of P petE -vipp1 in Synechocystis 6803
We used Western blot to detect Vipp1 in strain P petE -vipp1 after copper deprivation. When P petE -vipp1 cells grown in BG11 with glucose were washed with and resuspended in CuO-BG11 with glucose, Vipp1 was gradually reduced in cells and almost disappeared in 5 days (Fig. 2a) . Because the endogenous copper was gradually diluted with the cell divisions, the lifetime of Vipp1 must be o 5 days in Synechocystis 6803. Based on this information, we detected Vipp1 in the same strain after cultivation in medium with different concentrations of cupric ion for 5 days. The amount of Vipp1 was reduced with a decrease in copper in the medium (Fig. 2b) . These results indicated that P petEvipp1 was tightly regulated by copper in the medium.
Loss of photosynthesis, thylakoid membranes and cell viability in the P petE -vipp1 strain after copper deprivation
In a copper-free medium, the growth of the P petE -vipp1 strain was slowed down within 3 days compared with that of the wild type (Fig. 3a) . Accordingly, the rate of photosynthetic oxygen evolution was reduced in both, but more rapidly in the mutant (Fig. 3b) . Within 4-5 days after copper deprivation, the photosynthetic oxygen evolution almost disappeared (Fig. 3b) , and pigments (Fig. 4a) were decreased in the mutant. The PSII-mediated electron transfer was decreased to c. 1.8% and the PSI-mediated electron transfer was decreased to c. 54% of the wild-type levels ( ). In contrast, the rate of respiration was less reduced in the mutant relative to the wild type (Fig. 3c) . A test of CFU indicated that the cell viability of the mutant decreased after copper deprivation (Fig. 3d) .
Electron microscopy showed that after 5 days of copper deprivation, thylakoid membranes were mostly fragmented in the P petE -vipp1 strain (Fig. 2c) . Toc75 (Bolter et al., 1998) , NrtA (Omata, 1995) and CP47 (Barber & Nield, 2002) are protein markers specific to the outer membrane, plasma membrane and thylakoid membrane, respectively. To find out whether the amount of thylakoids was significantly reduced, we used Western blot analysis to detect these proteins in the total membranes, but found no change in them in P petE -vipp1 cells after copper deprivation (Fig. 2a) . Because the distorted thylakoid membranes were not reduced in amount and the PSII activity was much more quickly reduced than the PSI activity, the decrease of photosynthetic activity upon removal of Vipp1 should not be interpreted as the result of loss of thylakoid membranes.
After two rounds of 5-day cultivations in the copper-free medium, P petE -vipp1 cells were bleached (Fig. 4b ) and unable to reinitiate growth even when resupplied with copper (data not shown). Such cells, with no viability, showed no respiration activity (data not shown) and greatly reduced thylakoids (Fig. 5c) . Under the same conditions, the WT(Sp r Km r ) strain showed no change of thylakoid membranes, pigments and cell viability (Fig. 5c and data not  shown) .
Loss of photosynthesis, but not thylakoid membranes, in the P petE -vipp1 strain at a low level of cupric ion Westphal et al. (2001) reported that their vipp1 mutant of Synechocystis 6803 was not fully segregated and able to synthesize Vipp1 at a low level. The reported vipp1 mutant of Arabidopsis produced Vipp1 up to 20% of the wild-type content (Kroll et al., 2001; Aseeva et al., 2007) . The Arabidopsis and Synechocystis mutants were both severely impaired in thylakoid formation (Kroll et al., 2001; Westphal et al., 2001) . Using the P petE -vipp1 strain, we reinvestigated the phenotype of Synechocystis 6803 with a low level of Vipp1. By limiting the expression of P petE -vipp1 in Synechocystis 6803 at a low level of cupric ion, we were able to separate the effects of Vipp1 on thylakoid formation from that on photosynthesis and cell viability. However, the phenotype was inconsistent with what Westphal and colleagues reported. The P petE -vipp1 strain was grown for two rounds (2 Â 5 days) at different concentrations of cupric ion to allow Vipp1 to reach a stable level. When cupric ion was set at 0.1 mM or higher, the P petE -vipp1 strain showed growth (Table 3) , photosynthesis, respiration and viability (Fig. 5) , similar to the wild type. At the concentration of 0.025 mM, however, the growth rates were reduced to about 17% of the wild-type levels under both autotrophic and mixotrophic conditions (Table 3) , the photosynthetic oxygen evolution was reduced to about 10% and the cell viability was reduced to about 5% of wild-type levels, but the respiration was similar to that of the wild type (Fig. 5) . Although cells grown in the presence of 0.025 mM cupric ion lost photosynthetic activity and cell viability, they contained a thylakoid structure as the wild-type cells (Fig. 5c ). This result showed that the loss of photosynthetic activity was caused by the removal of Vipp1 rather than by the loss of thylakoids and that the thylakoid formation was probably not dependent on the cell viability. It appears that Vipp1 affects a wide spectrum of cellular life processes in Synechocystis 6803. Among the tested physiological characters, the photosynthetic activity was the most sensitive to the reduction of Vipp1, and the cell viability was more sensitive than thylakoid formation.
It is noteworthy that no Vipp1 homologue has been found in the phycobilisome-less cyanobacterium (prochlorophyte) Prochlorococcus marinus strains SS120, MED4, AS9601, MIT9515, MIT9312, CCMP1375 and CCMP1986.
At least Vipp1 is not essential for thylakoid formation in these prochlorophyte strains. In this study, our results indicated that Vipp1 is not specifically involved in thylakoid formation, but shows multiple physiological effects in Synechocystis. Therefore, Vipp1 proteins may have different or overlapping functions in chloroplasts and cyanobacteria. 
